Cellulose nanocrystals (CNC) have recently been used in the field of flexible electronics. The present work proposes to evaluate the contribution of CNC in the inkjet printing of silver conductive tracks. The potential of CNC to enhance both ink and substrate properties for printed electronics application was evaluated. First, CNC potential to be used as a scaffold for silver nanoparticles production in a compatible silver inkjet ink was evaluated. It has been found that the CNC dispersing properties, combined to their nanometrical rod-shape, allowed producing conductive suspensions at very low silver content comparing to classical silver ink. Inkjet printing of the CNC-silver suspension was then investigated on several substrates.
Introduction
Printed electronics is a promising eld exhibiting strong developments over the past decade with various applications ranging from printed antennas 1,2 and transistors 3,4 to opto-electronics devices. 5, 6 Printed electronics can be dened as the implementation of conventional printing processes to deposit functional inks (conductive, semi-conductive, di-electric, electroluminescent, etc.) for the manufacturing of multilayered functional structures (electric components, 4 light emitting diode, 7 solar cell, 8 etc.). These devices are classically obtained by conventional substractive processes implemented in the microelectronic industry, such as vapor deposition or photolithography. The strong interest for the printed electronics area was mainly induced by the possibility to produce electronic devices on exible substrates by an additive approach meanwhile ensuring a high level of productivity thanks to the printing processes. The advanced materials developed to address printed electronic requirements also brought the promise to produce more environmentally friendly electronic products with waterbased ink formulation for instance. In addition to these key assets, market analysts expect the printed electronics market to grow exponentially to approximately reach $73 billion in 2025. 9 Inkjet printing process, in which a liquid ink is ejected through micrometric nozzles toward a substrate to produce patterned layers, is currently among the most used processes in printed electronics. Indeed, this non-contact and additive process allows the deposition of thin layers (0.2 to 2 mm) with a high resolution (up to line width of 40 mm). However, the particles size limitation to avoid nozzles clogging (particles diameter < 1 mm) and the specic ink properties requiring to allow droplet ejection (viscosity, surface tension specic range, colloidal stability) constitute the major limitations of this process. Among the different existing conductive inks used with the inkjet printing process, metallic nanoparticles inks are especially promising for designing electrically conductive connections. Indeed, given the high bulk conductivity of silver associated with its environmental resistance to oxidation, silver nanoparticles inks are today the most frequently used. However, the achievement of a high colloidal stability with such metallic particles appears still complex. Additives and solvents are generally needed for avoiding silver nanoparticles aggregates, which are not always tolerated within the inkjet printing process. 10 In addition, when dealing with these metallic nanoparticles inks, a sintering post-treatment (comprise between 150 and 200 C) is necessary to ensure a metallic continuum for the electrical conduction, unlike larger silver particles which can be used in other printing processes like exography or screen printing. The printed substrate must then be able to withstand the high level of temperature involved in this step without any degradation or deformations, which limits considerably the substrate choice.
Recently, nano-scaled particles coming from cellulose known under the name of nanocellulose have emerged in the eld of printed electronics as detailed in a recent review.
11 Two type of nanocellulose currently exist: the cellulose nanobrils (CNF) and the cellulose nanocrystals (CNC). CNC are small crystalline parts of cellulose bers. An acid hydrolysis of the cellulosic bers allows the isolation of those rigid rod like particles possessing dimensions within the nanometrical scale with a length ranging from 100 to 500 nm and a diameter ranging between 5 to 30 nm.
12 These renewable and biodegradable nanoparticles possess specic properties, such as high surface area and ability to form self-standing lms.
13 Their effectiveness in printed electronics was already demonstrated for providing self-standing smooth and/or transparent biodegradable substrates 14, 15 answering the printed electronics requirements (i.e. a substrate presenting a smooth and closed surface with a relatively high dimensional stability over temperature). Their use as template to produce nano-structured metallic particles [16] [17] [18] or as dispersing agent 19, 20 to stabilize metallic particles have also been recently studied. These hybrid systems were mostly implemented to produce antibacterial 21, 22 or conductive 17 composites but very few were evaluated for producing a conductive suspension dedicated to printed electronics, and especially to inkjet process. Indeed, several studies have printed conductive tracks on nanocellulosic substrate [23] [24] [25] but no nanocellulose-based conductive inks have been proposed. Only one paper from Koga et al. emphasized the dispersing properties of nanocellulose to provide a conductive inkjet printable suspension of cellulose nanobrils/carbon nanotubes.
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The present work proposes to evaluate the benets of using CNC as a bio-based solution for the printing of conductive tracks: (i) rst, the dispersing and stabilizing abilities of CNC were used to formulate conductive aqueous silver suspensions. These new developments are based on previous works, performed by our team, dealing with the synthesis of CNC-silver nano-structured particles. 27 The suitability of CNC-silver hybrid suspension as conductive inkjet ink was evaluated. To fulll all the inkjet printing requirements, investigations on suspension physico-chemical properties as well as a ne-tuning of the formulation were performed. Up to our knowledge, this is the rst time that such study is performed on a CNC-silver suspension. Some works already reported the use of CNC in inkjet printing but for biomedical application 28 or tuning substrates 29 and inks 30 properties but none of them have produced conductive suspension comprising CNC. (ii) Secondly, the ability of using a CNC coating as an easy alternative to provide suitable cellulosic porous substrates for printed electronics was evaluated and compared to other polymer lms or printed electronics papers classically used. The printing quality of the CNC-silver ink was evaluated on different substrates including the CNC pre-treated substrate for achieving the best printability and optimal electrical performances. This work proposes for the rst time to exploit CNC properties for printed electronics applications in both conductive inkjet ink and substrate coating as illustrated in Fig. 1. 
Experimental procedures

Materials
Polyethylene terephthalate sheets (Lyreco, ref -182.406, 100 mm thickness), Powercoat® paper called PrintedElec paper (Arjowiggins, special printed electronic grade, 230 mm thickness) and a cardboard were used as printing substrate. 2,2,6,6-Tetramethylpiperidine 1-oxyl (TEMPO), sodium hypochlorite (12% wt), silver nitrate (AgNO 3 ), hexadecylpyridinium chloride monohydrate (C 21 H 38 ClN$H 2 O), sodium borohydride (NaBH 4 ) and dioctyl sodium sulfosuccinate salt (C 20 H 37 NaO 7 S) were purchased from Sigma-Aldrich and used as received. Sulfated cellulose nanocrystals were purchased from University of Maine as an hydrogel (7.26% wt). Distilled water was used in all experiments.
TEMPO oxidation of CNC
TEMPO mediated oxidation of CNC was performed using a previously described procedure in the literature. 31 11 g of CNC were dispersed by an ultrasonic probe treatment (5 min, 20 kHz) in 730 mL of water. TEMPO (325 mg, 2.08 mM) and NaBr (3.564 mg, 34.61 mM) were dissolved in 250 mL of deionized water and slowly added to the CNC suspension. A 12% wt NaClO suspension (66 g, 0.12 M) was then added dropwise to the suspension to start the oxidation. pH of the suspension was maintained around 10-10.5 by addition of 0.5 M NaOH solution while stirring the suspension for 3 h. Reaction was then quenched by the addition of ethanol (40 mL) and the resulting CNC were washed with hydrochloric acid 0.5 M at least three times by centrifugation (10 000 rpm, 30 min). Aer three centrifugations, the CNC were re-dispersed using the minimum of distilled water needed to recover all the CNC and put in dialysis against distilled water until a neutral pH was obtained. TEMPO CNC were stored in the fridge at constant neutral pH to allow the CNC to be in their carboxylate form.
Conductive ink formulation
Silver conductive ink suspension was synthetized following our previously described procedure. 32 Produced oxidized CNC were used as both capping and stabilizing agent in the synthesis of silver nanoparticles: 200 mL of a 0.5% wt CNC suspension at neutral pH was mixed with 200 mL of a 0.5 mmol L À1 Fig. 1 Schematic representation of the CNC-silver inkjet printing on CNC coated substrate.
hexadecylpyridinium chloride solution during 5 minutes. 200 mL of AgNO 3 (10 mmol L À1 ) was then added to the suspension and stirred during 5 additional minutes. Finally, 200 mL of a reducing agent solution (NaBH 4 /30 mmol L À1 ) was added and the suspension was stirred for another 5 minutes. The NaBH 4 solution was freshly prepared prior each experiment. The resulting suspension was then centrifuged three times (10 000 rpm, 20 minutes). The nal sediment was re-dispersed in needed amount of deionized water by mechanical agitation followed by an ultra-sonic probe treatment (20 kHz, 3 Â 15 min) to obtain a stable suspension.
Inkjet printing of CNC-silver system
A laboratory piezoelectric inkjet printing machine (Fujilm -Dimatix DMP 2831 with 10 pL nominal drop size cartridge) was used to print the developed conductive suspension. This equipment allows the loading of disposable piezoelectric inkjet print heads including 16 nozzles of 21.5 mm (square shape) and distanced at 254 mm from each other. Prior to each experiment the inkjet print heads were degassed using a syringe and the purge system embedded on the printer. Printing parameters such as drop spacing, nozzle temperature and print height were set according to Table 1 . Substrate temperature was set to 30 C during the printing.
Ejection parameters (voltage and waveform design) were optimized in preliminary adjustments. Cleaning cycles were performed every 50 printed bands to avoid temporary nozzle clogging and substrate contamination. Patterns including lines with variable widths (0.1 to 0.5 mm) and solid areas of 10 Â 10 mm square were printed to evaluate the print quality and the electrical performances. Aer the printing, samples were allowed to dry at ambient air overnight. For conductivity measurement, annealing post-treatment (180 C to 30 min) was performed in an oven to allow the sintering of silver nanoparticles. In addition, a drop watcher camera coupled with a drop volume measurement module was implemented to determine characteristics such as drop shape, drop velocity, and drop volume.
CNC coated substrate preparation
To meet the printed electronics requirements regarding substrate, a 10% wt CNC suspension was coated on the cardboard samples with a bar coater (Kcoater 301, Erichsen). To obtain a regular and thin lm, a non wire-wound Mayer bar was used with a coating speed of 5.4 cm s À1 . This conguration allows producing coating thickness of approximately 0.8 mm (SEM measurements). The coated cardboards were then dried under ambient air overnight.
Suspension characterization
All the errors bars presented in the measurement represent the standard deviation of the measurement series. Conductimetric titration. Charge density of oxidized CNC was measured conductimetric titration. About 15 mg of CNC were put into 50 mL of distilled water and treated by ultrasonic bath for 5 minutes. pH of the suspension is adjusted to 2 by adding HCl 0.1 M to allow carboxylate groups to be in their protonated form. The suspension is then titrated against 0.1 mL increment of NaOH 0.01 M.
Surface tension. Surface tension of inks was measured using the Du Noüy ring method on a tensiometer KRÜSS K10ST using a 2 cm platine ring. Measurements were performed at ambient air and were repeated 10 times for each suspension to achieve a representative value.
Rheological measurement. The rheological behavior of the developed suspensions was studied using a rotational rheometer (MCR02, Antonn Paar) with a cone-plate geometry (diameter ¼ 50 mm, truncate ¼ 55 mm, angle ¼ 1.013
) and a set gap of 0.112 mm. A logarithmic ramp with shear rate varying from 0.1 to 1000 s À1 was performed to monitor the ink rheological behavior and viscosity. Viscosity value at 1000 s À1 was kept to be the most representative of shear rate induced during the inkjet printing process. Indeed, shear rates generated within an inkjet print head can be extremely high, i.e. up to 10 5 to 10 6 s
À1
(combination of microscale ink channels with high volume ow rates). Three measurements were performed to check the reproducibility of the measure. Thermogravimetric analysis. Suspension solid content and silver content were determined using thermogravimetric analysis (STA6000©, Perkin-Elmer) with a temperature ramp of 10 C min À1 under air. Samples were dried for one night at 50 C prior to the analysis for eliminating the water and precisely determine the suspension composition. 3 duplicates were performed and average data are presented.
Substrate and printed patterns characterization
Substrate selection and characterization. Each tested substrate has been characterized in terms of thickness, roughness and surface energy. Basis weight and thickness have been measured according to the ISO 536:1995 and ISO 534:2005 standards. Surface energy measurements were carried out with the contact angle method on an OCA dataphysics device, in accordance with the Owens-Wendt model using four different liquids (water, hexadecane, ethylene glycol and diiodomethane). Ink drop volume (5 mL) evolution on selected substrate was also evaluated using the same apparatus.
Microscopy analysis. Morphology of the conductive deposit was rstly observed by optical microscopy to characterize print quality. Images were taken along the 200 mm width printed line and 10 images per samples were recorded. Observation at a nano-scale were also performed using a Zeiss Ultra 55© eld emission gun-scanning transmission electron microscope (SEM-FEG). Secondary electrons images were obtained aer a metallization step of the sample (Au/Pd layer -1 nm) at an accelerating voltage (EHT) of 5 kV and a working distance of 6.3 mm. Observations at magnications of 20 000, 50 000 and 100 000 were performed and at least 10 images per sample were recorded. A focus has been done to characterize the nanoparticles network (organization, distribution) within the printed layers. Thickness of the printed conductive lms was also evaluated by analysing the cross sections at different locations using an EHT of 3 kV at magnications of 8000 and 15 000. AFM. Atomic force microscopy was used to image the CNC morphology and the printed CNC-silver network on a Dimension Icon Bruker®. Scans of 3.3 and 10 mm 2 were obtained using tapping mode and silicon coated tips (O-TESPA). At least 10 images per samples were recorded and the most representative images were kept for discussion. Surface roughness. Surface roughness was measured using AFM images on 20 Â 20 mm 2 scans. 15 measurements were realized and the average data is presented for the results. Electrical properties. Electrical properties were characterized by measuring the sheet resistance of the printed lms. Measurements were taken using a Jandel Universal four-probes system, connected to a Jandel RM3 current generator providing a current range from 10 Â 10 À9 to 99 Â 10 À3 A. In this cong-uration, the two external probes impose a known current intensity and the two internal probes measure the corresponding voltage. The expression of the sheet resistance in this particular conguration is dened below:
with K a constant depending on the geometry, U the measured voltage (V) and I the set intensity (A).
To limit edge effects, measurements were performed on solid area patterns of 10 Â 10 mm square. 10 measurements have been performed and the averaged value is presented.
Results & discussions
Conductive ink preparation and selection
TEMPO oxidized CNC are characterized by the presence of surface carboxylate groups. 31 In this work, TEMPO CNC were used to act both as capping and stabilizing agent for silver nanoparticles synthesis. 32 Indeed, in previous studies, we emphasize the importance of using oxidized CNC with a high surface charge density to enhance the silver synthesis on their surface and obtain a stable suspension. 32 Moreover, the use of a cationic surfactant during the synthesis as well as the reactants ratios were identied as key factors to achieve stable silver aqueous suspensions with the highest silver loading.
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Considering the previous results, oxidized CNC with a high charge density of carboxylate moieties were used. The highly charged CNC ensure the suspension stability by the presence of repulsive interactions while allowing a better control of the silver synthesis. 32 The charge density of our CNC was determined to be 1300 AE 51 mmol g À1 using conductimetric titration. 31 The CNC dimensions were measured to be 200 AE 19 nm in length and 20 AE 2 nm in diameter using AFM. These CNC nanometrical dimensions are essential given the inkjet particle size limitation (<1 mm to avoid nozzles clogging).
Synthesis of the silver nanoparticles on CNC was done according to a previously presented protocol. 27 An optimal CNC to silver ratio was used to control the silver nanoparticles synthesis based on preliminary experiments (not presented here). With the aim of achieving stable conductive suspension, impact of silver amount in the suspension was rst evaluated on the suspension stability and conductivity. Suspensions electrical properties were estimated by a drop casting technique.
33 A 5 mL drop was deposited on a printed electronic paper followed by a sintering at 180 C during 30 min (10 measurements for each suspension). This preliminary approach was performed in order to select conductive suspensions. Table 2 summarizes the characteristics of each prepared suspension. Surprisingly, the suspension starts to be conductive at a silver content around 3% wt Considering that the percolation rate of conventional silver nanoparticle suspensions is around 20% wt, we believe that, in our case, a percolated network was achieved at a lower silver content due to changes in the network organization happening with the CNC. When increasing the silver amount above 3 wt%, the suspension became unstable with visible silver particles sedimentation occurring aer only 1 day. This loss in suspension stability can be explained by changes in electrostatic interactions between the CNC-silver particles. As the CNC-silver content in the suspension is increased, the distance between each CNC-silver particle is decreased due to a decrease in available spatial volume. This change in inter-particles distance leads to changes in their interactions. Starting a given concentration of silver, the attractive silver-silver interactions then became dominant over the CNC anionic repulsive forces, therefore inducing the particles aggregation and sedimentation.
The 3% wt silver suspension was thus selected for evaluating the suitability of the suspension to be processed by inkjet printing. The synthetized silver particles dimensions within this suspension was estimated to 64 AE 16 nm, which should be in accordance, as for CNC particles, with the size limitation imposed by the inkjet printing process. 
Optimization of CNC-silver suspension for inkjet process
Physico-chemical properties of the selected CNC-silver hybrid formulation, namely rheological behavior and surface tension, were rst evaluated to determine the suitability of the suspension regarding inkjet printing process. The rheological behavior of the CNC-silver suspension (not presented here) shows a shear thinning behavior against the whole range of shear rate. Besides the shear thinning behavior, the viscosity of the suspension at 1000 s À1 was estimated to 1.2 mPa s, which is in accordance with the low-viscosity window targeted for the inkjet printing process. The suitability of the suspension for inkjet printing was evaluated by the mean of a dimensionless number analysis. Indeed, in piezoelectric inkjet printing process, the ink droplet is ejected thanks to an electromechanically impulsion induced by a piezoelectric element.
Reynolds
Re ¼ rvd h ¼ inertial effects viscous effects , which must be superior to 1 for ensuing droplet ejection. We number describes the kinetic-surface energy conversion governed by the speed of the jet and the surface tension. Re number takes into account the viscosity effects. An approach combining these two dimensionless numbers for predicting a uid inkjettability was rstly proposed by Fromm et al. and was rened later by Derby et al. 34, 35 In these studies, the uid properties are described by the Z number, which is the inverse of Ohnesorge number (Oh). Oh characterizes the propagation of the pressure wave and its attenuation by viscous dissipation. The Z number is then dened as below in eqn (2).
where: 36 Printing using a uid with Z < 4 will lead to a drop formation with undesired long-lived lament while inks with Z > 14 would not be able to form a single droplet without undesired satellites drops. Table 3 (rst line) summarized the suspension properties and associated dimensionless number. Calculations were made considering a nozzle diameter of 21.5 mm and a suspension density of 996 kg m 3 . As it can be seen, the Z number calculated for the CNC-silver suspension (Z ¼ 20) appears too high to allow a correct ejection of the ink. Considering the high surface tension of 50.1 mN m À1 of the ink, formulation adjustments were performed to lower this value by adding different amount of dioctyl sulfosuccinate (DSS) surfactant. Table 3 summarized the characteristics of the different suspension prepared with the associated evolution of the surface tension and Z number. As expected, the surfactant addition leads to a decrease in surface tension and an acceptable value of Z (Z ¼ 13.3) was reached for a minimum concentration in surfactant of 0.15% wt, which corresponds to a surface tension of 29.1 mN m À1 . As surfactant molecules are known for being insulative and can thus affect the conductivity of our system, the lowest surfactant concentration required to meet inkjet requirements (0.15% wt) was selected for the next results. Inkjet printing of the selected suspension was then evaluated. No nozzles clogging and with a stable droplet formation have been observed during the printing. This printing stability is in good agreement with the previous theoretical expectations. It is worth mentioning that even aer 1 month, no additional clogging was observed with the same print head, conrming the high stability of the ink.
Optimization of inkjet printing parameters was done to obtain the most spherical drops. The ring voltage was thus set to 30 V with an associated waveform presented in Fig. 2a .
Resulting drops in Fig. 2b shows that single spherical droplets with a small tail are red, in good agreement with the previously calculated Z number of 13.3. The microscope image in Fig. 2c shows that the preliminary printed drops on printed electronics paper possess a spherical shape with no satellite drops around the printing. These results suggest that the selected suspension was indeed suitable to provide inkjet printed tracks.
Advantage of the suspension especially lies on the use of CNC shape for obtaining a conductive inkjet ink at low solid content due to the use of CNC and their percolation ability.
Classical silver inks are usually conductive with 20% wt of silver in the suspension. Thus, by using the CNC-silver suspension, the cost in silver material is decreased with only 3% of silver used. Another advantage lie on the aqueous stability, which is very difficult to obtain with silver nanoparticles. Thank to the use of CNC, the suspension can be stable in water.
Inuence of substrate properties on CNC-silver ink printability
The optimized selected CNC-silver suspension was printed onto classical printed electronics substrates, namely PET plastic foil and printed electronic Powercoat® paper (PrintElec paper). A neat porous cardboard was also evaluated as a cellulosic reference substrate for conductive printing. To prepare the cardboard surface, a CNC coating was tried out to meet the printed electronic requirements. Indeed, it has been shown that nanocellulose lms can provide green and renewable substrates suitable for the printing of conductive tracks. 23, 24 However, no work has evaluated the impact of a nanocellulose coating on classical cellulosic substrates. Thus, with the aim of (i) studying the inuence of a CNC coating on the printability of our ink and (ii) evaluating the suitability of such coating for the printing of conductive tracks, a CNC suspension was coated on the porous cardboard substrate. The obtained properties were compared to that of the neat paperboard substrate and the classical printed electronics substrates.
The different substrates properties, summarized in Table 4 , shows that the selected CNC-silver ink should theoretically have appropriate interactions with all substrates. Indeed, as the surface tension of the suspension is inferior to the surface energy of each substrate, a good wetting of the substrate by the ink should be observed. The printing quality achieved on each substrate was analyzed using optical microscope imaging. Observations were made on both individual printed drops and 200 mm printed lines. Observations of printed lines in Fig. 3 show an inhomogeneous printing on PET and PrintElec paper with an unequal ink repartition along the line, which is also evidenced on the printed solid areas (not presented here).
A coffee ring effect is visible on both substrates with higher material amount on the edge of the printed patterns. This is also conrmed by the inset images in Fig. 3 , showing the individual printed drop on the different substrates. The coffee ring effect is clearly evidenced with a material reorganization towards the edge of the pattern. The coffee ring effect is a wellknown studied printing defect (rst described by Deegan et al., 1997), especially occurring with the inkjet printing process due to the low viscosity of the uid. This phenomenon is induced during the droplet drying phase 37 by the combination of two actions: (i) the solvent evaporation is more important at the edge of drops and (ii) the surface contact area between ink and substrate is pinned for the major part of the drying. A ow takes place to compensate the solvent removal by evaporation at the edge of droplet. The solvent, and subsequently the suspended particles, can then be totally or partially transferred to the contact line by this ow and generate a ring shape to the dried droplet. Additional unequal ink repartition is visible on both PET and powercoat® printed lines and might be due to a liquid lm reorganization happening during the printing. This phenomenon was already described as bulging defect by Duineveld 38 and later Soltman 39 who suggested that when the contact angle -due to additional uid from printing -is higher to that of equilibrium contact angle, a liquid reorganization within the printed lm happened despite a theoretical inksubstrate compatibility. 38 Thus, we believe that our ink is leading to both of these defects on both PET and PE paper, especially due to the fact that it is water-based. Indeed, several studies demonstrated that water-based ink favors the coffee ring due to a non-uniform evaporation of the volatile water as compared to solvent based suspension. 40 This phenomenon is usually compensate by adding a less volatile co-solvent within the ink formulation. 41 However, in our case, this solution has not been considered for developing a 100% aqueous based ink.
The printing on neat cardboard evidenced classical printing defects on porous substrate, with visible ink inltration and spreading onto the substrate. The ink inltration into the substrate leads to high line widening of 75%. Interestingly, when printing on the CNC coated cardboard substrate a welldened line was obtained with a smaller line widening of 24% as compared to neat board. These results are in accordance with a recent patent who described an increased printability for a CNC coated plastic substrate.
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Comparison of the printing on different substrates evidenced a better printing quality on the CNC coated cardboard. This higher printing quality obtained on the CNC coated substrate can originate from different parameters such as differences in substrate roughness, porosity (or capillary absorption) or surface energy. Previously introduced Table 4 , comparing the roughness of the different substrates, shows that the roughness of the cardboard is divided by almost 20 when using a CNC coating. These results, demonstrating the effectiveness of a CNC coating to lower a substrate roughness, can explain the more homogeneous material deposition. However, the roughness of the coating remains higher to that of classical printed electronics substrates. The inset images of the printed drop on the CNC coating show more irregular shape than the spherical ones obtained on PET and PrintElec paper, probably due to this higher roughness. Consequently, considering the more regular shapes on PET and PrintElec, the roughness alone does not explain the better line denition obtained on the CNC coating.
Some studies have demonstrated the importance of ink penetration for the printing of conductive tracks on paper.
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In our case, we believe that the use of a CNC coating would modify the ink penetration inside the substrate. Indeed, the very dense and close nanometrical network formed by the CNC coating probably impacts the substrate liquid absorption surface properties, thus explaining the better print quality on the treated cardboard substrate. To conrm this hypothesis, drop volume time-dependent measurements were performed on both neat and CNC coated cardboard to evaluate the ink absorption kinetic. Considering that evaporation rate of inkjetprinted drops occurs fastly for water-based suspensions ($800 ms), 44 measurements were done on a short time period. Fig. 4 presents the drop volume evolution against time of the CNCsilver ink on neat cardboard and CNC coated board substrate.
When deposited on the CNC coated substrate, the volume of the drop shows an immediate decrease (see the inset of the gure) before reaching a stable value aer only z0.2 seconds. On the contrary, when deposited on neat cardboard the ink drop volume shows a slow decrease up to 30 s, due to the diffusion of the ink inside the substrate. This result, representative of a faster ink absorption by the CNC coated cardboard as compared to the long and continuous absorption of the neat cardboard, can explain the different print quality obtained on the two substrates. Indeed, absorption kinetics presented in Fig. 4 clearly evidenced that the CNC coating increase the ink absorption speed by the substrate, probably due to the high surface area of the nanoscale CNC compared to neat cellulose ber of the cardboard. Over a period of 800 ms, the average absorption speed for the CNC coating has been calculated to be 1.5 mL s À1 against only 0.5 mL s À1 for the neat cardboard.
Consequently, when a printed drop reach the CNC coated substrate, absorption of the drop happens so fast that the printed drop would not have time to diffuse inside the substrate. It worth mentioning that drop volumes in inkjet printing are much lower ($pL) than the one studied, suggesting that these effects happened even faster during the printing of the CNC-silver suspension. Additionally, this faster absorption kinetic might also explain the absence of coffee ring on the CNC coating as compared to PET or PrinElec paper substrate. Indeed, volume of drops red by inkjet can be considered to be around 2 to 70 pL. 44, 45 Using the previously calculated average speed, the maximal drop volume of 70 pL would be absorbed in about 46 ms by the CNC coating whereas the evaporation time of an aqueous inkjet drop was estimated to be around 800 ms. 44 Thus, the ux at the origin of the coffee ring effect, which happens during the evaporation stage of the drop, would not have time to occur. This hypothesis, schematically illustrated in Fig. 5 , also explains the higher printing quality and denition obtained on the CNC coated substrate.
The previous results evidenced that the best printing quality was obtained on the cardboard coated CNC substrate with a good line resolution and limited ink inltration. This 100% cellulosic substrate can provide a green solution for the printing of conductive tracks with the advantage of possessing a higher thermal stability than plastic based substrate. As compared to a 100% nanocellulosic substrate, the coating solution provides an easy way for tuning substrate properties using a low amount of nanocellulosic material.
CNC-silver ink electrical properties
According to the previous results, the best print quality was obtained on the CNC coated paperboard substrate. Electrical properties of the ink were then evaluated using this substrate. It is well known that silver nanoparticles network became conductive aer an annealing treatment needed for forming a continuous silver network. Fig. 6 represents the evolution of the sheet resistance according to the temperature and associated network evolution.
As it can be seen, at intermediate annealing temperature (30 min to 180 C), the obtained sheet resistance of about 50 U , À1 appears quite high as compared to obtained performances of classical silver nanoparticle inks reported in the literature.
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However, considering the silver content of 3% wt in the suspension, it is not surprising that conductivity is lower to that of classical silver inks containing at least 20% wt of silver. 47 In addition, the presence of insulative surfactant and nanocellulose around the silver particles visible in both AFM image of the network in Fig. 6 suggests that the CNC presence limits the network conductivity, leading to a degraded sheet resistance value. This was conrmed by the evolution of the sheet resistance happening when increasing the annealing temperature around the cellulose degradation temperature (250 C). The sheet resistance dramatically decreases from 50 U , À1 and to 1 U , À1 with a clear loss of the visible CNC on AFM images.
Thus, although CNC ensure the stability of the silver suspension, the insulative nature of CNC appears as a limitation to achieve high conductive patterns at low sintering temperature. However, it is important to highlight that despite the very low silver content loaded in the suspension, an interesting level of electrical conductivity was achieved with sufficient annealing treatment. This is probably due to the use of CNC, which allows a signicant decrease of the silver particles percolation threshold. Indeed, the high aspect ratio of CNC acts as a scaffold for silver nanoparticles allowing a network organization, resulting in a decrease of the network percolation threshold. SEM images in Fig. 7 conrm this hypothesis with visible silver particles (black dotted arrows) onto the CNC (white arrows) and no free silver particles. This decrease in the percolation threshold when using CNC has already been reported for conductive polymers composite lms 48, 49 but, as far as we know, this is the rst time that it has been reported for conductive silver particles. Considering these results, we believe that both the insulative cellulose and the silver solid content in the suspension limits the suspension conductivity. However, the use of CNC as a template for conductive silver material offers a green alternative for producing stable, cost-competitive and low-solid content conductive suspension. Optimization of the conductivity level can further be achieved by: (i) increase the silver loading in the suspension or (ii) eliminate the insulative cellulose aer the synthesis. Preliminary trials were done by addition of sulfuric acid within the suspension to favor cellulose removal during the sintering step. However, up to now, acid addition leads to a loss of suspension stability and further works should then be done towards this way.
Conclusion
The present work evaluates the possibility of using CNC to enhance both ink and substrate properties for printed electronics applications. The nanometrical size of CNC and their dispersing properties allow producing a compatible conductive silver inkjet ink. SEM images of the hybrid system evidence the presence of silver nanoparticles onto the CNC acting as a scaffold for the conductive material. A conductive ink at a low silver solid content was then achieved thanks to the CNC high aspect ratio and colloidal stability. Table 5 emphasizes the positioning of the developed ink towards inkjet silver conductive ink conventional properties.
Impact of CNC coating on the print quality was also investigated. This easy substrate pre-treatment leads to decrease the substrate roughness but also strongly increase the ink absorption kinetic of low volume. This faster absorption signicantly limits the ink drop (picoliter) diffusion into a porous substrate, providing suitable properties for conductive tracks printing. The printing of the CNC-silver ink on such substrate allow producing conductive tracks with high resolution. However, it appears that the remaining CNC into the printed tracks limits the inks conductivity. Further works should then be focused on optimizing the obtained conductivity by either synthetizing conductive CNC prior the silver synthesis, eliminating the cellulose during or aer the printing or trying others sintering strategies such as infrared or ash sintering on the printed lm. Nevertheless, this innovative work provides a new solution to obtain conductive patterns on a porous substrate, with very low silver content within the dried lm. The use of CNC as scaffold offers green way to produce a low-solid content conductive suspension. The produced conductive patterns on the CNC coating are then almost only composed of cellulosic material, thus offering a path towards renewable and sustainable electronics. 
